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SUMMARY
The properties and structure of tissue can be visualized without labeling or preparation by multiphoton microscopy combining coherent anti-Stokes Raman scattering (CARS), addressing lipid content, second harmonic generation (SHG) showing collagen, and two-photon excited fluorescence (TPEF) of endogenous fluorophores. We compared samples of sclerotic and nonsclerotic human hippocampus to detect pathologic changes in the brain of patients with pharmacoresistant temporomesial epilepsy (n = 15). Multiphoton microscopy of cryosections and bulk tissue revealed hippocampal layering and micromorphologic details in accordance with reference histology: CARS displayed white and gray matter layering and allowed the assessment of axonal myelin. SHG visualized blood vessels based on adventitial collagen. In addition, corpora amylacea (CoA) were found to be SHG-active. Pyramidal cell bodies were characterized by intense cytoplasmic endogenous TPEF. Furthermore, diffuse TPEF around blood vessels was observed that co-localized with positive albumin immunohistochemistry and might indicate degeneration-associated vascular leakage. We present a label-free and fast optical approach that analyzes pathologic aspects of HS. Hippocampal layering, loss of pyramidal cells, and presence of CoA indicative of sclerosis are visualized. Label-free multiphoton microscopy has the potential to extend the histopathologic armamentarium for ex vivo assessment of changes of the hippocampal formation on fresh tissue and prospectively in vivo. KEY WORDS: Second harmonic generation, Endogenous fluorescence, Coherent anti-Stokes Raman scattering, Corpora amylacea, Human.
Hippocampal sclerosis (HS) is largely observed in patients with temporal lobe epilepsy and is characterized by profound cytologic changes. Those include segmental loss of pyramidal neurons, abnormalities of the dentate gyrus granule cell layer, and reactive gliosis.
1 HS is definitely related to epilepsy, but whether the structural rearrangement and loss of neurons is the cause or consequence of epileptic seizures remains unanswered. Histopathologically, three types of HS are defined that may represent clinically distinct groups. 2 HS can be accessed by preoperative magnetic resonance imaging, which constitutes the basis for surgical planning. Postoperative histopathology is performed after removal of hippocampal tissue and allows diagnosis of HS.
Multiphoton technologies have been used extensively to investigate brain structure at the cellular level. Addressing intrinsic tissue signals like endogenous two-photon excited fluorescence (TPEF) or second harmonic generation (SHG) in combination with coherent anti-Stokes Raman scattering (CARS) microscopy allows label-free analysis of nervous tissue and can be likewise performed on fixed tissue specimens and in vivo. 3 Therefore, we investigated whether typical features of HS are amenable to label-free multiphoton microscopy with potential diagnostic impact. Here, we analyzed unstained samples of human hippocampal tissue obtained during epilepsy surgery in order to extract the hallmarks of HS from the multiphoton images. Human hippocampal tissue not affected by HS was obtained from autopsy and served as control.
Methods

Samples
Human tissue was obtained from surgery for the treatment of pharmacoresistant epilepsy (n = 15, see Table S1 for clinical data). All patients gave written consent, and the study was approved by the ethics committee at Dresden University Hospital (EK 323122008). Human hippocampus without HS (n = 2) was obtained from autopsy (anonymous body donation).
Label-free multiphoton imaging
The multiphoton microscope was described elsewhere. 4 The unprocessed tissue was used directly for multiphoton imaging, fixed in 4% formalin, or cryosections of 16 lm thickness were prepared. Dry or rehydrated cryosections were imaged.
Reference histopathology
Cryosections were stained with hematoxylin & eosin (H&E) or periodic acid-Schiff (PAS) in combination with Luxol fast blue.
For immunohistochemistry, mouse anti-neuronal nuclei (NeuN) antibody (1:100, Chemicon Millipore, Darmstadt, Germany) or goat anti-serum albumin antibody (1:500, Abcam, Cambridge, United Kingdom) was visualized by Histofine Simple Stain MAX-PO-M (Nichirei Biosciences Inc., Tokyo, Japan) followed by HistoGreen detection (Linaris, Dossenheim, Germany). Counterstaining was performed by nuclear fast red.
Image analysis
Pyramidal cells and TPEF-positive cells were counted in three regions of 400 9 400 lm, and the average was calculated for the fields 1 and 2 of cornu ammonis (CA1 and CA2). The size of CoA was measured using ImageJ software (U.S. National Institutes of Health, Bethesda, Maryland, U.S.A.).
Results
Label-free multiphoton imaging enabled assessment of the hippocampal architecture on unstained tissue of control brain tissue (Fig. 1A) and HS (Fig. 1B , for reference HE staining see Fig. S1 ). In the brain, it is well established that CARS tuned on the CH-stretching vibration visualizes mainly lipids and provides detailed information about myelinated axons. 5 Therefore, white matter layers exhibited a strong CARS signal. This allowed the identification of the alveus that is formed by outgoing axons and the stratum moleculare that comprises axonal bundles. The layers inbetween have a low density of axons and exhibited a weaker CARS signal intensity. Furthermore, cellular layers, for example, the granular cell layer (GCL), were characterized by enhanced endogenous TPEF (Fig. 1C) . In control hippocampi, CARS identified the white matter tract connecting CA3 and CA4 that was missing in HS samples.
The analysis of multiphoton images at higher magnification revealed tissue micromorphologic details ( Fig. 1E,I ) and in white matter (red arrows in Fig. 1I ). TPEF identified elastin fibers of large blood vessels (white arrowheads in Fig. 1C ). Small punctuate fluorescent objects were observed as well (green arrowheads in Fig. 1F,J) . Furthermore, large cells displayed a fluorescent cytoplasm (green arrows in Fig. 1J ). The SHG signal was clearly related to blood vessels (blue arrows in Fig. 1C,G) . In addition, a pronounced SHG signal was observed in the stratum pyramidale (Fig. 1B, asterisks) . It originated from round structures that displayed a characteristic SHG signal in the form of a Maltese cross, which depended on the polarization of the excitation laser (Fig. 1K, inset) . The same structures were identified in multiphoton images of fresh bulk hippocampal samples and unfixed bulk tissue (Data S1; Figs. S2 and S3).
To identify the cellular and extracellular counterparts of the endogenous signals, we compared multiphoton images to reference stainings and immunohistochemistry. Figure 2A ,B shows the multiphoton image and the NeuNimmunohistochemical staining of the same tissue section. Sclerosis was evident by loss of pyramidal neurons in CA1 in the NeuN-immunohistochemical staining (arrows in Fig. 2B ). The position of the remaining NeuN-positive pyramidal neurons in CA2 (arrowhead in Fig. 2B ) was congruent with a region of strong TPEF signal in the multiphoton image. Figure 2C /D shows this region at higher magnification and confirms that each neuron in the field of view had a counterpart in the TPEF-channel of the label-free multiphoton image, although some cells displayed a weak signal. This might be related to the inherent confocality of multiphoton microscopy. Quantitative evaluation of the number of pyramidal cells on H&E-stained sections and TPEF-positive cells in multimodal images showed comparable numbers in sclerotic and nonsclerotic sectors (Fig. 2E) . Areas of diffuse TPEF located around blood vessels were colocalized with immunostaining for serum albumin (Fig. 2 F,G arrows) .
Single, isolated round structures with distinctive SHGsignal (Fig. 1K, inset) were observed in all samples of HS.
In two thirds of the samples (10/15) local accumulations within the parenchyma were found (compare Table S1 ). These structures had a diameter of 7.0 AE 2.8 lm (mean AE standard deviation [SD], range 0.9-26.7 lm) in cryosections. Comparative PAS staining confirmed that these SHG-active objects represent corpora amylacea (CoA, Fig. 2H-K) . 6 The distribution of TPEF-positive large cells was in accordance with the HE or NeuN reference in all samples from 15 patients. CoA detected by SHG always matched CoA in reference stainings. The samples shown in Figure 1 (patient 9) and 2A/B (patient 10) display the strong TPEF signal of pyramidal cell bodies in CA2 that is largely lacking in CA1, CA3, and CA4. Furthermore, CA1 and CA3 are characterized by an accumulation of CoA. Based on these (Table S1 ).
Discussion
Enhanced endogenous TPEF of pyramidal cells in mice was assigned to lipofuscin 7 and in our study qualifies to identify areas of neuronal loss. Moreover, the diffuse fluorescence that was observed in some samples represents albumin and might indicate focal leakage from small capillary vessels reflecting alterations in the blood-brain barrier. 8 Similar to our results, CoA were observed in HS especially in areas of neuronal loss. 6 CoA are frequently found in the diseased brain but are not related to a specific pathologic state. In nonpathologic nervous tissue, the number of CoA increases with age. 9 Parenchymal accumulation of CoA, which was found in this study as well, is regarded as marker for HS, 10 whereas the role and importance of CoA in HS is controversial.
The exploitation of endogenous TPEF, SHG, and CARS signals revealed the different pathologic alterations that affect the epileptic hippocampus. The detection of cell bodies and thickness of layers enables the assessment of epilepsy-related hippocampal hypotrophy and of granule cell dispersion. The location and extent of pyramidal cell loss can be judged by lack of fluorescent cell bodies and additionally by parenchymal accumulation of SHGactive CoA in a subset of cases. Furthermore, the observed changes in fiber tracts might indicate neuronal loss. This information can be obtained without any tissue fixation or labeling and SHG and TPEF can be acquired with standard multiphoton microscopes using femtosecond lasers as well.
Label-free multiphoton imaging may be used for in vivo analysis of the hippocampal formation, and studies on ex vivo human tissue and in vivo mouse brain indicated that potential photodamage can be detected during acquisition. 4 The implantation of endoscopic needles 11 or thick glass plugs 12 allows imaging of deep tissue. Therefore, in vivo imaging of histopathologic changes during the manifestation of epilepsy in animal models seems feasible and could largely improve the understanding of epilepsy development.
As concluded by Bl€ umcke et al., 2 temporal lobe epilepsy may comprise a group of closely related syndromes with heterogeneous pattern and extent of HS. Furthermore, Epilepsia ILAE hippocampus histopathology may vary along the anteriorposterior axis. 13 This might be the cause for different clinical outcomes after epilepsy surgery. Multiphoton microscopy can be implemented into an endoscopic setup, 11, 14 and label-free multiphoton imaging might be used for in situ assessment of hippocampal architecture during epilepsy surgery. However, further research on the causal relation of anatomic alterations and epileptic seizures is needed before any decision of resection strategy will be based on intraoperative HS detection.
In this proof-of-principle study, we show that the information on tissue layering, cellular patterns, CoA, and blood vessels obtained by label-free optical microscopy provides diagnostic relevant information on non-neoplastic pathologies. It is expected that these findings can be transferred to assessment of other types of cytologic malformations like cortical dysplasia.
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